INTRODUCTION
One of the most basic and astonishing features of human development is the transformation of flat sheets of epithelial cells into tubes of various sizes, cell number and branch structure -often in the absence of cell division or cell death. In response to growth factors and/or inductive interactions with other cells, the epithelial sheet undergoes oriented growth, cell movement, changes in the number of cell/cell contacts (cell intercalation) and changes in contacts with the ECM. The resulting tubulogenesis and branching morphogenesis creates the substructure of numerous tissues and organs, including the neural tube, kidney, lung, breast, and circulatory system. In adults the growth of new blood vessels (angiogenesis) is critical to wound healing as well as to tumor progression. Tumor metastasis and tubulogenesis share the common basic features of cell growth, cell movement and altered contacts with ECM. Consequently the same growth factor and signaling pathways important in tubulogenesis are also implicated in tumor progression (GLESNE et al. 2006; REYA and CLEVERS 2005 ; VAN DE WETERING et expression. The resulting pattern of Rhomboid expression predicts the ultimate vein pattern. Rhomboid is a potent stimulator of signaling through the EGFR pathway -which in turn promotes vein development. Additional patterning steps include intervein differentiation and cross-vein development. Intervein structure has been demonstrated to be dependent upon the Integrins -a family of trans-membrane receptor proteins that link the ECM to the cytoskeleton, and that are also involved in tracheole morphogenesis (ARAUJO et al. 2003; LEVI et al. 2006) .
The construction of the eggshell (chorion) by the Drosophila ovarian follicle cells is emerging as a powerful model system in which to study tubulogenesis and ECM patterning (BERG 2005; KLEVE et al. 2006; PAPADIA et al. 2005; TZOLOVSKY et al. 1999 ).
The follicle cell epithelium surrounds the developing oocyte (see Figure 2C , D) and in the absence of cell division synthesizes a multilayer ECM with a number of specialized features (see Figure 3B , F). A subset of the dorsal/anterior columnar follicle cells detach from the underlying oocyte and embark on a dramatic anterior migration to synthesize the Dorsal Appendages (DAs). The DAs are the pair of large and elaborate gas-exchange tubes that project out from the anterior of the eggshell. Another subset of follicle cells synthesizes the tiny, tubular micropyle through which some intrepid sperm might pass.
Formation of these structures requires coincident signaling through the EGFR and TGF-β pathways (CHEN and SCHUPBACH 2006 ) (summarized in Figure 1 ). Gurken, a TGF-α homolog, is produced by the oocyte nucleus and signals the overlying follicle cells through the EGFR, RAS/RAF/MAPK signal transducers and ETS-domain transcription factor Pointed. Cooincidently TGF-β signals must be received from the anterior squamous follicle cells. At least two distinct groups of the columnar follicle cells then reorganize to create the DAs: "roof" cells express the transcription factor Broad and constrict their cytoskeleton on the apical side, while "floor" cells express Rhomboid (DORMAN et al. 2004) . Notch signaling acts to create the boundary between the roof and floor cell-types (WARD et al. 2006) . The coordinated anterior migration of the roof and floor cells extends the DAs and this involves additional signaling through the Jun-kinase (JNK) pathway.
The migrating cells that generate Drosophila tracheoles and micropyles coordinate their movement through reciprocal signaling events sometimes called "social interactions" (GHABRIAL and KRASNOW 2006; MONTELL 2006) . During tracheole branch formation the epithelial cells compete for the lead-cell position in a process involving GF and Notch pathway signals. The dynamic nature of tubulogenesis suggests that conditional mutations might be particularly useful for future genetic analyses, in that they might allow for more fine-scale dissection of individual steps.
A number of important questions remain to be answered for each of the tubulogenesis model systems, including how signals through the multiple pathways are integrated, and how specific pathways activate specific tubulogenesis events at the level of the individual cell. A remarkably small number of cell-intrinsic surface remodeling events can account for the movements required for tubulogenesis and cell intercalation (LECUIT and PILOT 2003; NEUMANN and AFFOLTER 2006; PILOT and LECUIT 2005) .
"Focal adhesions" are specific contacts between the epithelial cell and the ECM involving Integrins and the Actin cytoskeleton. Cell movement over an ECM involves membrane protrusions and formation of new focal adhesions at the leading edge coordinated with disassembly of adhesions at the rear. Within the moving cell there are directional changes in Actin/Myosin polymerization, and endocytic shuttling of membrane components to the leading edge. Cell intercalation additionally requires changes in the number and location of "adherens junctions", which are specialized connections between epithelial cells involving Catenins, Cadherins, and the Actin cytoskeleton (NEUMANN and AFFOLTER 2006) . GTPases such as Rho and nucleoside kinases including nm23 (awd) act downstream of Wnt and other pathways to directly regulate cytoskeleton organization and membrane dynamics in the moving cell (DAMMAI et al. 2003; PALACIOS et al. 2002) .
Transposable elements with outwardly directed promoters are powerful tools for creating mutations by over-expression and/or mis-expression of gene(s) near the insertion site, and have been a rich source for mutations affecting development (PENA-RANGEL et al. 2002; RORTH et al. 1998; TSENG and HARIHARAN 2002) . A Drosophila P type transposable element called PdL contains a doxycycline (DOX)-inducible promoter directed outward from its 3' end (LANDIS et al. 2001) . New PdL insertions cause the DOX-dependent over-expression of genes downstream of the insertion site, often hundreds of base-pairs away. It is estimated that up to 1/3 of PdL insertions cause the over-expression of a downstream gene. The gene over-expression often, but not always, results in a conditional mutant phenotype. For example seven percent of PdL insertions are conditional larval lethal. Because PdL mutations are both dominant and conditional they lend themselves to efficient strategies for functional gene discovery. In these studies the conditional and dominant nature of the PdL mutations was used to allow identification of interesting phenotypes at the level of the individual F1 fly, thereby facilitating the screening of larger numbers of events.
MATERIALS AND METHODS
General. Drosophila stocks and culture conditions are as previously described (LANDIS et al. 2001; LANDIS et al. 2003) . All experiments were performed using the rtTA(3)E2 driver strain.
Isolation of genomic DNA from PdL lines. DNA was isolated from PdL lines (50 female flies each) as previously described (LANDIS et al. 2001) . It was further treated with RNaseA for 15 min. at 37°C, followed by phenol/chloroform extraction. The DNA was then precipitated, washed in 70% ethanol and dissolved in 50 µl of distilled water and stored at -20°C.
Inverse PCR amplification of PdL flanking sequences. DNA equivalent to four flies was restriction digested with Taq1 at 65°C for five hours. The DNA was extracted with phenol/chloroform, precipitated with ethanol, dissolved in 100 µl of distilled water and 10 µl of this was treated with T4 DNA ligase overnight at 16°C. PCR amplification was performed using primers Pry1 and IR as described (LANDIS et al. 2001) . PCR protocol was as follows: step 1, 94°C for 5 min; step 2, 96°C for 30 sec; step 3, 51°C for 1 min; step 4, 72°C for 2 min; step 5, steps 2-4, repeat 39 times; step 6, 72°C for 10 min. PCR product was sub-cloned into the PCR2.1-TOPO cloning vector (Invitrogen, San Diego).
Sequencing was carried out at University of Southern California Microchemical Core Facility.
DNA sequence analyses. PdL flanking DNA sequences were used to query Genbank databases using BLASTN program with default settings as provided at the NCBI web site (http://www.ncbi.nlm.nih.gov/).
Northern analyses. Total RNA was isolated from adult female Drosophila using the TRIZOL Reagent (Life Technologies) using standard protocol. RNA was fractionated on 1% formaldehyde gels and transferred to Gene Screen membranes (NEN, Boston, MA).
The DNA probe A for the edl gene ( Figure 4A ) was generated by PCR amplification from Drosophila genomic DNA using primers "EDL38381F" (cctagtccttagttctgctc) and "EDL39059R" (ccgttcgcaacgtttgagtt)). The DNA probe B for the 89 Amino Acid ORF region ( Figure 4A ) was generated by PCR amplification from Drosophila genomic DNA using primers "89ORF44621F" (ctgttggctcaataagcagg) and "89ORF45410R" (tactgtaggtcagccatgtg).
The DNA probe C for the debra gene ( Figure 4B ) was generated by PCR amplification from Drosophila genomic DNA using primers "dbrF" (gttccagcaacccaaatcccacaccg) and "dbrR" (cctgctttaaatccacgattgagcag). The DNA probe D for the galacten gene was generated by PCR amplification from Drosophila genomic DNA using primers "galectinF" (caatgactctcgagatgtgg) and "galectinR" (acggattctgatagactcgc)).
The DNA probe E for the ush gene ( Figure 4C ) was obtained from a full-length cDNA LD12631 (STAPLETON et al. 2002) . The DNA probe F for the lwr gene was generated by PCR amplification from Drosophila genomic DNA using primers "lwrF" (tgctcgactgcacatttgc) and "lwrR" (cagtagagaagcgagcaag).
The loading control was ribosomal protein gene Rp49 (O'CONNELL and ROSBASH 1984) . DNA probes were 32 P-labelled using the Prime-It II DNA labeling kit (Stratagene). Hybridization signals were scanned using the Phosphoimager (Molecular Dynamics) and visualized using Imagequant program. Transcript size was determined by comparison with 1 Kb RNA ladder (Gibco-BRL) according to the manufacturers instructions.
Electron microscopy. Scanning electron microscopy was carried out at the University of Southern California Center for Electron Microscopy and Microanalysis, using a Cambridge 360 SEM. Samples were prepared using standard methods.
Expression of GFP in follicle cells. A transgenic reporter strain was generated in which expression of eGFP is driven by the "tet-on" promoter in USC 1.0 vector (ALLIKIAN et al. 2002) . The creation and characterization of the construct and strains will be described in detail elsewhere (Nicholas Hoe and J.T., manuscript in preparation). Males from the eGFP strain were crossed with rtTA(3)E2 females and progenies (F1) were collected that contained both constructs. F1 female flies were cultured on food +/-DOX for 10 days before dissection and microscopy. The females were mated and fed yeast paste prepared +/-DOX for 2 days before dissection to boost egg production. Ovaries and stage 10 egg chambers were dissected in 1X PBS buffer at room temperature and GFP images were generated using the Leica MZ FLIII fluorescence stereomicroscope and SPOT image capture system and software according to the manufacturers instructions.
Mobilization of P element insertion in the pterodactyl mutant line.
Females homozygous for the PeterodactlylPdL2-4 insertion, genotype y-ac-w;PdL2-4
were crossed to males from a line containing a source of P element transposase (ROBERTSON et al. 1988) , genotype Sp/Cyo;delta2-3 Sb/TM2 Ubx. The first generation male flies containing both PdL and the delta2-3 transposase were collected and crossed to second chromosome balancer females, genotype y-ac-w;Sp/CyO. From the offspring, twelve single males with PdL excision (loss of white+ marker) were identified, each from a different vial and therefore representing independent events. These twelve excision chromosomes were made homozygous by crossing to second chromosome balancer stock.
RESULTS AND DISCUSSION
In the rtTA(3)E2 transgenic strain, the artificial transcription factor rtTA is expressed in all cells using the powerful Actin 5C gene promoter (BIESCHKE et al. 1998 ). The rtTA protein will bind to its target site ( (Table 1) . For selected genes DOX-dependent over-expression was confirmed by Northern blot (Figure 4 ). It was previously observed that PdL-directed transcription and over-expression does not extend beyond the terminator of the first gene downstream (3') of the PdL insertion site (i.e., no detectable "read-through") (LANDIS et al. 2001; LANDIS et al. 2003) , and that result was confirmed here for genes dbr and ush using Northern analysis and downstream probes.
Numerous mutations were recovered that altered ECM patterning, some with quite specific effects on tubulogenesis ( Figure 3 , Table 1 The TGF-β and AKT pathways are critically implicated in tubulogenesis, but it is not known how these signals are integrated at the level of the individual epithelial cell.
In mammals a WD-40 repeat-containing protein called STRAP has been identified that bridges these pathways (DATTA et al. 1998; DATTA and MOSES 2000; SEONG et al. 2005) . STRAP interacts physically with both Type I and II receptors and SMAD7 and inhibits TGF-β signaling, while in turn it physically interacts with PI3K and stimulates the AKT pathway (summarized in Figure 1) . A PdL insertion was mapped at 3bp
upstream of the Drosophila homolog of STRAP, here designated pterodactyl (pter).
Over-expression of pterodactyl in the follicle cells caused overly-long DAs ( Figure 3G ), while a homozygous pterodactyl insertion (pter 2-4 ) showed a loss-of-function phenotype of mild wing vein defects ( Figure 3I ). The fact that pterodactyl over-expression and loss-of-function both affect branching morphogenesis supports the conclusion that the mutagenesis strategy is identifying true tubulogenesis regulators and not merely creating neomorphic effects via unrelated genes. The pter 2-4 insertion PdL insertion was mobilized using P element transposase, and twelve lines were generated where the mini-white+ Figure 3E , H). Ush is a Zinc-finger transcription factor that acts downstream of TGF-β signaling during embryogenesis, and along with transcription factor Pnr is known to regulate Wnt expression (FOSSETT et al. 2001 ). Over-expression of ush caused thin eggshells and small, short DAs, while positioning of the DAs appeared relatively normal ( Figure 3E ). The presence of an upstream promoter and alternative transcript for the ush gene is suggested by the SD5608 cDNA sequence found in Genbank database (Figure 4 ). The ush coding region probe (probe E) hybridized to both a 4.4KB and 7.5KB transcript induced by DOX, suggesting that the large intervening sequence (30KB) was spliced out and that the transcript from the upstream promoter is being over-expressed along with possible alternative splicing.
The transcription factor Foxo acts downstream of insulin-like signaling, AKT/PI3K signaling, and JNK signaling pathways to regulate metabolic activity and growth in Wnt signaling is critical for tubulogenesis and has several direct cytoskeletal targets relevant to moving cells (summarized in Figure 1 ). Overexpression of the antagonistic Wnt receptor gene fz3 (CHEN et al. 2004 ) caused overly-long DAs (Table   1) . Wnt signaling through GSK3 is known to directly modify β-Catenin, which in turn acts both as a transcription factor and a component of the adherens junction. DA structure was disrupted by over-expression of arc which encodes a component of the adherens junction, and osa which is a Wnt pathway trancription factor target. GTPases such as Rho and nucleoside kinases including nm23 (awd) act downstream of Wnt and other pathways to directly regulate cytoskeleton organization and membrane dynamics.
In Drosophila nm23 has been shown to regulate tracheal cell motility and FGFR recycling (DAMMAI et al. 2003) . Over-expression of a gene designated veil caused thin eggshells and short DAs. The veil gene is predicted to encode a 5'-nucleotidase and over-expression of veil can affect growth of mutant cells in the wing (RAISIN et al. 2003) .
Taken together the data suggest a possible role for veil in the [GTP] signaling pathway (summarized in Figure 1 ).
The [Ca++]/Calcineurin pathway regulates Integrin gene expression, as well as focal adhesion assembly/disassembly and recycling of Integrin proteins to the leading edge of many types of moving cells (summarized in Figure 1 ). Calreticulin is a Ca++ binding protein thought to function as a molecular chaperone component of the endoplasmic reticulum (ER) quality control machinery and in exocytosis. In mice Calreticulin has been found to be a critical regulator of Calcineurin activity, particularly important in development of the heart (LYNCH et al. 2005) . Here over-expression of Drosophila Calreticulin gene was found to cause both thin eggshells and short DAs, consistent with a role in ECM patterning. A similar thin eggshell and short DA phenotype was observed for over-expression of a gene designated peg. The peg gene encodes a homolog of a signal recognition particle (SRP) factor involved in protein folding at the ER, and it is tempting to speculate that peg might also act in the Calcineurin pathway.
One common aspect of Drosophila DAs and tracheoles and human lungs and vasculature is they all serve as tubular conduits for oxygen supply to various tissues. It is then perhaps no surprise that cellular oxygen-sensing pathways are found to affect the development of these structures. Mammalian HIF-1α regulates cellular metabolism and transcription in response to oxygen concentration and functions in angiogenesis (KIM et al. 2006; PAPANDREOU et al. 2006) . The Drosophila homolog of HIF-1α (Sima) (NAMBU et al. 1996; REILING and HAFEN 2004) regulates tracheole branch extension and termination. Here over-expression of HIF-1α (Sima) was found to affect DA length and structure (Table 1) . Intriguingly, the Foxo transcripton factor identified here as a regulator of DA length is also involved in oxygen-stress sensing pathways in various organisms (LEHTINEN et al. 2006; WOLFF et al. 2006) .
In summary, while it is possible that one or more of the genes identified in this study represent a non-specific background, many of the mutations were found to affect pathways critical for ECM patterning and should be useful reagents for further genetic analyses (summarized in Figure 1 ). Mutations were identified in genes known to be essential for DA formation such as broad (CHEN and SCHUPBACH 2006; DENG and BOWNES 1997; TZOLOVSKY et al. 1999) , as well as new genes. Both over-expression and loss-of-function tubulogenesis phenotypes were identified for the potentially important signaling gene pterodactyl (related to mammalian STRAP) -for which no mutant phenotype had previously been available. In addition, phenotypes could be observed for genes that have no detectable loss-of-function phenotype such as fz3. The set of ECM patterning genes identified here overlaps and complements those identified for trachea development. Finally, since many interesting genes were hit only once, it is likely that this screen (3,000 insertions) has only scratched the surface of potential ECM regulatory switches.
The P element has allowed numerous types of genomic alterations and engineering, such as germ-line transformation, targeted deletions, local transposition and enhancer-trapping (BELLEN et al. 2004) . In the past the low frequency of mutation has limited the feasibility of large-scale P element screens. As shown here the dominant and conditional nature of PdL mutations allows for increased scale through the scoring and recovery of conditional mutations at the level of the individual (F1) mutant fly.
Saturation-type P element screens (50-100,000 events) should be possible in the future (for even small research groups) interested in identifying Drosophila mutations affecting ECM patterning and other reiterated events in the adult such as gametogenesis, movement, behavior and learning. Branched DA and micropyle E +DOX ush Thin shell and short DA Figure 3B- .24kb
